We have calculated electronic structure of B2-type Ti-(50 À x)Ni-xFe (0 x 28) alloys in order to understand the concentration dependence of the phase stability of the B2-type structure in this system. The Fermi surface of each alloy shows a nesting with a sharp peak of generalized susceptibility ðqÞ at a nesting vector of q ¼ ½02=a. The value of at the peak position decreases linearly as the Fe content increases. On the contrary, the peak height of ðqÞ does not change monotonically but shows a maximum value for Ti-44Ni-6Fe alloy. This result is consistent with the experimental results obtained by resistivity and specific heat measurements. In addition, we found that although the ðqÞ shows a local maximum near 1=3½1102=a in Ti-44Ni-6Fe alloy, it shows a saddle point near 1=3½1102=a in TiNi.
Introduction
Martensitic transformations in some alloys are preceded by anomalies in physical properties, which are frequently referred to as precursor phenomena. Examples of such anomalies are phonon softening in TA 2 branch, [1] [2] [3] diffuse scattering, 4) tweed microstructure 5, 6) and nanoscale domainlike structure. 4) These precursor phenomena usually appear when a martensitic transformation is weak first order. Representatives of such transformations are the B2 ! 7R martensite in Ni-Al alloys, 7) the B2 ! 2 0 transformation in Au-Cd alloys, 8) the L2 1 ! intermediate phase transformation in Ni 2 MnGa, 9) and fcc ! fct transformation in Fe-Pd alloys. 6) Since these anomalies occur in the parent phase, they should originate from the instability of the parent phase. The instability of the parent phase in there alloys will arise from their electronic structure, especially that near Fermi energy. In case of Ni-Al and Ni 2 MnGa, Fermi surface nesting is reported to be responsible for the instability of parent phase. [10] [11] [12] Similar precursor phenomena, such as phonon softening and diffuse scattering, are also reported in Ti-Ni and Ti-NiFe shape memory alloys exhibiting R-phase transformation, 3, 13) and these precursor phenomena are also considered to be caused by Fermi surface nesting. 14, 15) Recently, we measured electrical resistivity, magnetic susceptibility and specific heat for a series of Ti-(50 À x)Ni-xFe alloys with Fe content up to 20 at%, and found that these physical properties exhibit anomalies in the parent phase of the alloys which show the R-phase transformation and also in the alloys with Fe content more than 6 at% which do not show apparent Rphase transformation. 16, 17) In addition, these anomalies are observed most in Ti-44Ni-6Fe and Ti-42Ni-8Fe alloys and gradually suppressed as Fe content increases. We believe that these anomalies can be so-called precursor phenomena. Thus, it is expected that a significant Fermi surface nesting will be observed in Ti-44Ni-6Fe and Ti-42Ni-8Fe alloys and will become insignificant as Fe contents increases. 16, 17) However, the Fermi surface was calculated only in stoichiometric TiNi and there is no band calculation in Fe doped Ti-Ni alloys.
In the present study, therefore, we have made electronic structure calculation of Ti-(50 À x)Ni-xFe alloys with B2-type structure as follows. First, the propriety of a rigid band model is noted. Then, Fermi surface and generalized susceptibility are calculated for Ti-(50 À x)Ni-xFe alloys with various Fe content. Finally, based on these results, precursor phenomena and stability of the B2-type phase in Ti-(50 À x)Ni-xFe alloys are discussed.
Procedures
The present band structure calculations were made by means of a self-consistent full-potential linearized augmented plane wave (FLAWP) method. 18) In the method, the valence band states were calculated scalar-relativistically and the core states fully-relativistically. The generalized gradient approximation (GGA) for exchange-correlation potential 19) was used through the calculation. The cut-off parameter R MT K max used is 9.0. In the self-consistent iteration, 550 kpoints in the irreducible wedge of the first Brillouin zone (BZ) of simple cubic B2-type structure [ Fig. 1(a) 
( f ; Fermi function, "ðkÞ; eigenvalue at k, n; m; band index)
The susceptibility ðqÞ is proportional to the energy gain of electronic system under a perturbing periodic potential with a wave number q. Fermi surface nesting occurs when ðqÞ shows a sharp peak. If the electron-phonon interaction is large, phonon softening and charge density wave (diffuse scattering) are expected to occur at the peak position of ðqÞ.
In the present study, ðqÞ was calculated by a tetrahedron method 20) for 60 3 k-points in the first BZ.
Results
In Fig. 2 (a), the density of states (DOS) of TiNi with B2-type structure is shown with a dotted curve. We notice a valley at energy level of about 0.5 Ry. The states below this energy are mainly composed of d-states of Ni and those above this energy are mainly of d-states of Ti. This result is in good agreement with previous reports. 21) In order to know the effect of Fe atom at Ni site on the band structure, we calculated the band structure of Ti 8 Ni 7 Fe, which corresponds to a Ti-43.75Ni-6.25 at%Fe alloy, using a supercell. The volume of the supercell is eight times as large as that of the B2-type structure as shown in Fig. 1(b) . The calculated DOS is shown in Fig. 2 (a) by a solid curve. The DOS profile of Ti 8 Ni 7 Fe with the supercell is roughly the same as that of TiNi with the B2-type structure although the former has an additional peak at 0.45 Ry which does not appear in the latter. Since we are especially interested in the electronic structure near Fermi energy, the magnification of (a) near Fermi energy is shown in Fig. 2(b) . We notice in Fig. 2 (2)]. This will be due to the fact that the number of d-electron of Fe is smaller than that of Ni. Then, we calculated Fermi energy of TiNi with B2-type structure at the electron concentration e=a of 6.875 instead of 7, where e=a of 6.875 and 7 correspond to the value for Ti 8 Ni 7 Fe and TiNi, respectively. The calculated Fermi energy is 0.566 Ry (3), being nearly the same value as that of Ti 8 Ni 7 Fe with supercell. From these results, we can say that the band structure of Ti-(50 À x)Ni-xFe alloy near the Fermi level will be approximated by that of B2-type TiNi with e=a of (7-0.02x), i.e., we may be allowed to use a rigidband approximation. Then, we calculated Fermi surface and generalized susceptibility of Ti-(50 À x)Ni-xFe alloy based on the rigid-band approximation. Figure 3 shows the Fermi surfaces of Ti-(50 À x)Ni-xFe alloys with Fe content x of 0, 6 and 12. The enclosed regions of left panels [(a), (d) and (g)] are the hole region of the 7th band and those of the center panels [(b), (e) and (h)] are the electron region of the 8th band. We notice that the hole regions of the 7th band expand and the electron regions of the 8th band contract as Fe content increases. We also notice that the Fermi surfaces of the 7th and 8th bands both have flat parts which are parallel to (100) for the three alloys. The flatness of Fermi surface is also clearly seen in the crosssection cut by the plane parallel to (001) and shifted 0.1 from the À point [(c), (f) and (i)]. In the cross-sections, the nesting vector along ½0 is shown, with an arrow.
In order to evaluate the Fermi surface nesting quantitatively, we calculated the generalized susceptibility ðqÞ defined in the previous section. Figure 4 shows the generalized susceptibility ðqÞ of Ti-(50 À x)Ni-xFe alloy with q ¼ ½02=a. In the examined composition range of 0 x 28, we can find a sharp peak for each alloy. At the peak position, the value of q agrees with the nesting vector shown in Figs. 3(c) , (f) and (i). Consequently, the peaks in Fig. 4 correspond to the Fermi surface nesting. Figure 5 shows peak position and peak height of the ðqÞ curve shown in Fig. 4 . The parameter at the peak position, P , is about 0.31 for e=a ¼ 7 (binary TiNi). The value of P linearly decreases with decreasing e=a (increasing iron content), and is about 0.29 for e=a ¼ 6:88 (Ti-44Ni-6Fe). On the contrary, the peak height at ½ P P 02=a does not change monotonically but shows a maximum value for e=a ¼ 6:88. The reason for the composition dependence of ðqÞ can be understood from the shape of the Fermi surface shown in Fig. 3 . That is, the flat area of the hole surface of the 7th band increases while the flat area of the electron surface of the 8th band decreases with increasing Fe content, Energy, E / Ry Electronic Structure of B2-Type Ti-Ni-Fe Alloys Exhibiting a Second-Order-Like Structural Transformationresulting in a maximum nesting area at the Fe content of 6 at%.
Discussion
We notice in Fig. 5(b) that the peak height of ðqÞ is the largest for the Ti-44Ni-6Fe alloy among the examined alloys, and the peak height gradually decreases as Fe content increases further. As we mentioned before, since the value of ðqÞ is proportional to the energy gain of electronic system, the peak height of ðqÞ is well related to the degree of the instability of the parent phase. From the result, it is speculated that the B2-type structure becomes stable as Fe content x increases for x ! 6. This speculation is in good agreement with experimental results of electrical resistivity and specific heat reported previously by our group 17) as described below.
First, we consider the resistivity curve of Ti-(50 À x)NixFe alloys. The resistivity vs temperature curve shows a minimum at a temperature T p and below T p the resistivity increases with decreasing temperature in the alloys (x ! 6).
(Diffuse scattering appears below about T p .) The temperature of T p decreases almost linearly as Fe content x increases as shown in Fig. 6 . This temperature T p probably corresponds to the temperature below which the B2-phase is unstable. Therefore, the decrease in T p with increasing Fe content means that the B2-phase is gradually stabilized with increasing Fe content. Thus, this stabilization against Fe content comes to be well related to the value of ðqÞ against Fe content shown in Fig. 5(b) . Next we consider the Debye temperature of Ti-(50 À x)Ni-xFe alloys. Figure 7 shows Debye temperature of Ti-(50 À x)Ni-xFe alloys obtained by specific heat measurement at cryogenic temperatures. We notice in the figure that the Debye temperature of the Ti-42Ni-8Fe and Ti-40Ni-10Fe alloy is very low, but it approaches normal values as Fe content increases. The low Debye temperature of Ti-42Ni-8Fe and Ti-40Ni-10Fe alloys means that the lattice is unstable in these alloys at low temperatures. This instability in lattice is well related to the high value of ðqÞ in these alloys. In addition, the increase of Debye temperature for x ! 10 corresponds to the decrease in peak value of ðqÞ as shown in Fig. 5(b) . Incidentally in the alloys with Fe content of 6 at% and smaller, it is not easy to compare the calculated result of ðqÞ with experiments because these alloys exhibit a martensitic transformation or incommensulate-commensulate transition, and the obtained Debye temperature is not that of the B2-phase in these alloys. 16) We notice in Fig. 5(a) that the peak position of ðqÞ moves towards À point as Fe content increases. Then, it is speculated that the position of diffuse scattering and phonon softening moves towards À point as Fe content increases. Confirmation of this speculation is a subject in the future.
The result of generalized susceptibility shown in Fig. 4 is limited to the ½0 direction because nesting in this direction is especially important in case of bcc based alloys. Although ðqÞ shows a sharp maximum when plotted along ½0 direction as described before, it is not clear whether or not ðqÞ at the peak position of Fig. 4 is actually a local maximum in three dimensional q space. In order to clarify this, we calculated ðqÞ at various q values in the first Brillouin zone. As an example, the contour maps of Ti-44Ni-6Fe alloy on (100) and (110) planes are shown in Fig. 8 . The peak position of ðqÞ in Fig. 4 is marked with an arrow on each panel. We know from the figure that the value of ðqÞ at the marked position is actually local maximum in three dimensional q space. In case of TiNi, however, the peak position in Fig. 4 is not a local maximum but a saddle point in three dimensional q space (the result is not shown here). Incidentally, the contour map revealed another local maximum along ½ direction for both Ti-44Ni-6Fe alloy and TiNi. The position of the local maximum is ½0:43; 0:43; 0:432=a for Ti-44Ni-6Fe alloy and ½0:42; 0:42; 0:422=a for TiNi. However, there are no detailed experimental facts related to the anomalies in this direction.
Conclusions
Fermi surface and generalized susceptibility of Ti-(50 À x)Ni-xFe (0 x 28) alloys are calculated using a rigid band approximation applied for the band structure of B2-type TiNi calculated by a FLAPW method with a GGA potential. We found a clear Fermi surface nesting with a sharp peak of generalized susceptibility at a nesting vector of q ¼ ½02=a. The value of is slightly smaller than 1/3 and decreases with increasing x. The corresponding generalized susceptibility takes the highest value for the alloy with 6 at%Fe. The Fe content dependencies of anomalies in resistivity and specific heat observed in Ti-(50 À x)Ni-xFe is qualitatively explained by the Fe content dependence of generalized susceptibility. 
